Advances in nanotechnology in various fields of human activity contribute to increase of their production, improved properties and wider implementation of nanomaterials. However, increasing use may enhance their release into the environment and can lead to affecting human health. The toxicity of colloidal solutions of metal nanoparticles (Cu, Mn) and their oxides, obtained in the absence and presence of a stabilizer, was examined and compared with the use of the standard test system of Allium cepa L.. The phytotoxicity of the experimental solutions was evaluated according to the growth response of the onion roots; the cyto-and genotoxicity were estimated due to the proliferative activity of the root meristem cells. It was established that solutions of stabilized metal nanoparticles were at given concentration toxic to Allium cepa L. according to the integral index of roots growth, however, were not cytotoxic. Difference in the phytotoxicity of stabilized and non-stabilized metal nanoparticles and their oxides depended on their phase composition and affected root growth.
Introduction
Advances of nanotechnology in various fields of human activity contributed to increased production and wider implementation of nanomaterials (Scrinis and Lyons 2007; Ditta and Arshad 2016; Ruttkay-Nedecky et al. 2017) . Recent evidence suggests the efficiency of metal nanoparticles (NPs) and their oxides in reducing the toxic effects of adverse stressors on crops through the activation of their protective systems, which is a good prerequisite for wider use of nanomaterials in the agriculture as fertilizers or plant protection factors (Abdel Latef et al. 2016; Saxena et al. 2016; Taran et al. 2016; Konate et al. 2017) . However, increased use of nanomaterials may enhance their release into the environment as well (e.g. during their synthesis, incorporation into goods, reaching wastewaters and soil etc.) and affect human health. Plants, as components of ecosystems, play a significant role in accumulation and circulation of nano-sized products in nutrition chains. The potential impact of NPs on plants, however, requires thorough study, since available data on their toxicity (in comparison to ionic forms or bulk material) are highly controversial (Griffitt et al. 2008; Ma et al. 2013; Konotop et al. 2014; Liu et al. 2016) . The direct toxicity of metal NPs and their oxides depends on the chemical composition of the raw material (for example, due to the release of toxic ions), the physical characteristics of NPs (size, shape, surface structure), and/or the ability to generate reactive oxygen species in plant tissues (Navarro et al. 2008; Auffan et al. 2009; Horie et al. 2012; Fu et al. 2014; Tang et al. 2016) . In addition, the toxicity of NPs to plants, so called phytotoxicity, which we refer to in this article as the toxicity of NPs to plants, is associated with a disturbance of nutrient uptake by roots owing to alteration of surface composition of the rhizosphere in the presence of NPs (Lee et al. 2012; Mirzajani et al. 2013) . Similar effects on test objects were observed for high concentrations of nanoparticles in the nutrient medium (Navarro et al. 2008; Gottschalk et al. 2013) . The results of some other studies are ambiguous, since the toxicity of NPs does not always exceed the toxicity of bulk chemical species containing the same elements , or depends on the metal on the basis of which the colloidal solutions were prepared. NPs of essential metals, namely of Cu and Mn, phytotoxicity of which is researched in the present work, have already been widely used in crop production as antimicrobial agents (Cu, CuO NPs), or as fertilizers alternative to conventional salts (Mn NPs) (Dimkpa et al. 2011; Liu et al. 2016) . It is known that the surface of NPs of many metals possesses elevated chemical activity and instantly interacts with oxygen, water and organic compounds. Therefore, NPs in colloidal solutions require additional stabilization, which depends on the concentration of the metal phase, the chemical composition of the medium, the method of their obtaining, and the presence of complexing ligands. The lack of stabilizing agents could lead to the formation of large aggregates that are gradually oxidized (Sperling and Parak 2010) . Among stabilizers for metal NPs are used e.g. ligand-complexing agents (ammonia, ethylene diamine tetraacetic acid, glycerol), surfactants (among others sodium citrate) and polymers (polyethylene glycol, polyvinyl pyrrolidone, polyvinyl alcohol). A common example is gold nanoparticles synthesized in an aqueous solution by reducing citrate (Lin et al. 2004) . The resulting NPs adsorb negatively charged citrate ions on their surface and thus are stabilized due to electrostatic repulsion. The presence of stabilizing agents on the surface of NPs provides them new properties, which in turn predetermine the toxicity of nanomaterials (Cunningham et al. 2013; Sharma et al. 2014) . So, search for ways to improve the physical and chemical properties of nanomaterials is still in progress, at the same time, careful control of nanoproducts for environment safety with the use of bioassays is also needed (Olkhovych et al. 2016; Teplicky et al. 2018) . Onion, Allium cepa L., belongs to the most common plant species used to assess environmental contamination. It is considered as a short-term, simple in use and sensitive test model, with reliable correlation to other test systems, including human. The macroscopic symptoms of phytotoxicity -stunting of root growth, delayed development, or even death of cells/plant, represent the most sensitive test parameters. Microscopic examination allows for assessing proliferative activity of root meristem cells, chromosome damage and cell division disorders, and, therefore, provides additional information on the severity of toxic effect, mechanism of genotoxicity, or potential mutagenicity of tested agents (Fiskesjо 1985) . Therefore, the purpose of this work was to test and compare the phytotoxicity of developed colloidal solutions of essential metals NPs (Mn and Cu) and their oxides, obtained in the absence and presence of a stabilizer, using the standard Allium cepa L. test system. Table 1 .
Experimental

Plant material and growth conditions
The phytotoxicity of solutions of stabilized and non-stabilized Cu and Mn NPs were studied using the standard test object Allium cepa L. (Fiskesjо 1985) . For each experimental variant 10 equal onion bulbs, cv. Chalcedony, were cultivated on experimental suspensions of NPs for 5 days at 24 °C. Control plants were grown on distilled water. To eliminate the effect of the stabilizer, the plants were additionally cultivated in aqueous solution of trisodium citrate in a concentration that corresponded to that in the experimental solutions of stabilized NPs of essential metals, which is a 100-fold diluted stock solution (2 g.L -1 ) of trisodium citrate.
Estimation of growth response
At the end of the exposure time the fresh weight, length and quantity of roots per bulb were determined. Growth response was estimated according to the tolerance index (IT, %) calculated as the ratio of the fresh weight of roots of experimental group to the same parameter of control group (Wilkins 1978) .
Microscopic technique
Onion roots were fixed in Clark solution (ethanol: acetic acid = 3 : 1), macerated in 1 M HCl at the temperature 45 °C, and stained with 1 % (w/v) aqueous solution of toluidine blue. Temporary oppressed slides with root's tips were prepared and further analyzed under a light microscope (PrimoStar, Carl Zeiss) at 400x magnification.
Cyto-and genotoxicity estimation
Different phases of mitosis in cells of the root apical meristem were counted to calculate mitotic/phase indices, and mitosis abnormalities (Fig. 1) . Presence of micronuclei was observed for evaluation of cyto-and genotoxic effects of the experimental solutions (Fiskesjo 1997) . The mitotic index (MI, %) was presented as number of cells in the state of division to the total number of observed cells (3000) (Eq.1):
where P, M, A, T, I are quantities of cells in pro-, meta-, ana-, telo-, and interphase of mitosis, respectively. Phase indices (%) were calculated as number of cells on certain mitosis phase (P, M, A, T) to the total number of divided cells. For example, prophase index (PI, %) (Eq. 2):
Statistical analysis
Each experiment was performed at least in triplicate. The data were subjected to analysis of variance (ANOVA) with subsequent Student's t-test or Duncan's multiple range test. Data are expressed as means of replicates + standard deviation, and were considered as significant at P < 0.05. 
Results
Growth response
The obtained results testify that the colloidal solutions of stabilized and non-stabilized NPs of essential metals and their oxides do influence the growth of the roots of Allium cepa L. (Fig. 2) . Morphometric indices of onion roots under the cultivation on experimental solutions are summarized in Table 2 . The solution of Mn NPs contributed to the roots growth by 52 %, and Cu NPs, on the contrary, caused stunting by 49 % (Fig. 3) . th day of cultivation on colloidal solutions of non-stabilized (-citrate; black columns) and stabilized (+citrate; grey columns) nanoparticles of essential metals and their oxides. Data represent mean values with standard deviation of 3 replicates. Means followed by the same letters were not significantly different at P < 0.05 according to the Duncan's multiple range test. 
Cyto-and genotoxicity
To understand the causes of inhibition / stimulation of plant growth under the impact of NPs of essential metals, we conducted microscopic investigation of A. cepa L. root meristem cells. Effect of colloidal solutions of stabilized and nonstabilized NPs on the root cells division is shown in Fig. 4 . The cytotoxic effect was noted for all of the experimental solutions, except for the solutions of trisodium citrate and Mn NPs. In the latter case the MI of root meristem cells did not significantly differ from the control. The most reduced proliferative activity of cells of root apical meristem (by 68 %) was observed in plants grown on solutions of non-stabilized Cu NPs, that correlates with tolerance indices of the same experimental variant. Solutions of stabilized NPs of both metals equally inhibited the division of root cells, by 18 and 14 % for Mn and Cu NPs, respectively. Proportion of mitotic phases (mainly meta-, anaand telophases) in MI value changed in A. cepa root cells that were exposed to solutions of the nonstabilized Cu NPs as well as to stabilized Cu and Mn NPs (Fig. 5) . Treatment with solutions of stabilized NPs caused accumulation of cells in telophases, that led to inhibition of divisions. Along with increasing number of cells in anaand telophases as result of treatment with nonstabilized Cu NPs, the number of cells in metaphase was reduced, that revealed crucial for proliferative activity of root meristem. As shown in the representative microscopic images (Fig. 6) , the majority of chromosome aberrations were recorded in anaphase for almost all experimental variants: breakes, bridges, vagrant chromosomes and spindle abnormalities. Disturbed metaphase, with unorganized chromosomes on the equatorial plate, also known as C-metaphase, was observed in the root cells treated with nonstabilized Mn NPs (Fig. 5 e, f, g ). No aberrations were identified in the cells exposed to nonstabilized Cu NPs, probably due to the lowest number of divided cells (according to MI values). However, besides typical stages of mitosis we also observed bridges in anaphase in the control root cells. Micronuclei were not detected in root cells in either of the experimental variants.
Discussion
The NPs of Mn and Cu for this study were chosen because these trace elements are essential for plants. They are components of active enzymes centres and participate in important processes such as photosynthesis, respiration etc. Recently, Mn NPs were suggested as an alternative to traditional fertilizers, since their revealed positive effect on the root and shoot growth and increased the productivity of crops. Moreover, they did not cause oxidative damages in plant tissues (Pradhan et al. 2013; Liu et al. 2016) . Despite the fact that Cu NPs are part of many commercial antimicrobial formulations, their potential phytotoxicity is still being studied. In the present research the onion root growth was dependent on the type of metal NPs in the culture medium, as has been shown previously (Konotop et al. 2014) . Similarly to Liu et al. (2016) and Trujillo-Reyes et al. (2014) , both Cu and Mn NPs showed inhibitory and stimulating effect on root growth, respectively. It has been shown that toxicity of Cu NPs and its oxides is connected to oxidative damage of root tissue in Arabidopsis, while the Cu NPs contributed much stronger to activation of oxidative stress-related genes than the corresponding Cu 2+ ions . Since the mitotic activity of the root meristem was not affected by solutions of non-stabilized Mn NPs, enhanced root growth could be assumed with involving the compensatory mechanisms, namely intensive cell elongation (Table 2) . On the other hand, mito-depressive effect was notable in plant cells treated with non-stabilized Cu NPs. According to PI values, smaller number of dividing cells in metaphase was detected along with abundant prophase stage cells, which is associated with the terminating of mitosis at the end of the prophase and delay in passing through the next cell division stages (Livanos et al. 2012) . To less extent, such an effect was also observed in onion root cells treated with colloidal solutions of stabilized both Mn and Cu NPs. Although separate cases of mitotic aberrations were recorded, we can not confirm the genotoxicity of studied NPs solutions in researched concentrations, because the frequency of observed chromosomal disturbances was at the control level. While the genotoxic effect has already been proven for some nano-sized materials including Cu NPs (Kumari et al. 2009; Pakrashi et al. 2014; Nagaonkar et al. 2015) , there is scarce information concerning Mn NPs-induced genotoxicity. The values of IT, MI and PI indicators of plants grown on the solution of trisodium citrate did not differ significantly from the control values. In light of this, the obtained data allow to speculate that stabilized NPs acquire novel properties or functional qualities compared to non-stabilized ones, as has been reported previously (Cunningham et al. 2013; Sharma et al. 2014) . It could mainly be connected with altered phase composition of tested solutions, rather than with the size of metal particles. Despite of unaffected mitotic activity of cells, there was a significant delay in root growth (IT) as likely consequence of the terminated root elongation. The cell expansion can be explained by the "acid growth theory", which postulates auxin-induced activation of plasma membrane-localized H + -ATPase that acidifies the apoplast (Rayle and Cleland 1992) . Thus, an electrochemical gradient for absorbing K + is provided, which is necessary to increase the cell turgor and further strain. Recently, the auxin-dependent growth mechanism was also confirmed for root cells: high auxin concentrations suppressed, while low stimulated their elongation (Barbez et al. 2017) . Moreover, it was reported that CuO NPs influenced the metabolism of cotton plants through hormonal imbalance, namely auxins ( Van et al. 2016) . Owing to the greater correlation between surface area and mass compared to bulk metals, NPs have high reactivity, can form complexes with membrane transporters and, thus, be taken up by plant . In this way, stabilized NPs with different properties compared to non-stabilized, might directly or indirectly affect elongation of root cells, as well as the emergence of new root growth points.
Conclusions
The phytotoxicity of the colloidal solutions of essential metal NPs and their oxides obtained in the presence and absence of a stabilizer was tested and compared. The solutions of stabilized Mn and Cu NPs retarded the growth and development of Allium cepa L. roots, although the proliferative activity of root apical meristem remained unaffected and genotoxicity was not confirmed. In contrast, non-stabilised Cu NPs caused significant mito-depressive effect. It can be assumed that phytotoxicity of colloidal solutions of NPs of essential metals and their oxides depends on their properties, mainly phase composition altered by applied stabilizers; the mechanisms of their action on root growth, however, remains unclear. The wider implementation of nano-sized products in different human practices requires further research and careful control in regard of the impact on environment. Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute" for the X-ray investigation of colloidal solutions of stabilized / non-stabilized Cu-and Mn-based NPs.
